within three to five years of the introduction of commercial cultivars carrying them (Rouxel 8 et al., 2003a; Sprague et al., 2006a; 2006b ). An epidemic in south eastern Australia in 2003 9 where major gene resistance derived from Brassica rapa subsp. sylvestris became ineffective 10 is estimated to have cost the Australian canola industry between $5-10 million AUD (P.A.
11
Salisbury, Victorian Department of Primary Industries, Australia, personal communication).
12
Accordingly, monitoring the frequency of avirulent and virulent isolates in fungal populations
13
can play an important role in predicting and managing the risk of disease epidemics. testing on cultivars with corresponding R genes and/or using molecular markers for avirulent 17 alleles (Balesdent et al., 2005; Stachowiak et al., 2006; Gout et al., 2007) .
18
Another potential method for estimating avirulent allele frequencies in fungal populations 19 is molecular analysis of airborne spore samples. Spore-based forecasting systems are being 20 used successfully to predict the occurrence and spread of diseases such as blue mould spores mL -1 of conidial suspension (Balesdent et al., 2006) . Symptoms were scored on 10-12 plants per isolate-cultivar interaction, at 14 and 18 or 19 days after inoculation, on a 0-6 scale. Isolates producing scores of zero to three were designated as avirulent whilst isolates producing scores of four to six were virulent (Van de Wouw et al., 2009) . ¶   ¶ 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   6 sets tested generated a product with this template, thus enabling different amplification 1 efficiencies to be compared. were generated by ejecting ascospores from individual pieces of diseased oilseed rape stems. was placed on microscope slides in an up-turned lid of a Petri dish (9 cm diameter). Diseased 10 stem debris of cv. NK Bravour (carries Rlm1) was attached to the inside of the Petri dish 11 using Vaseline and misted with sterile water to stimulate ejection of ascospores above the 12 slides. After 30 to 60 min, the tape with ascospores attached was removed and cut 13 longitudinally into two pieces (each 7 x 48 mm). Using a light microscope, the number of 14 ascospores on the entire surface of each piece of tape was counted before it was transferred 15 into a 2 mL screw-top tube (Alpha Laboratories, UK) for extraction of DNA.
16
Secondly, field samples of airborne inoculum were collected at Rothamsted, Harpenden, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 When comparing amounts of DNA amplified with individual primer sets, differences in 1 amplification efficiency were considered. To correct for these differences an adjustment 2 value (V) was determined
where A is the average amount of the avirulent allele amplified using primers specific for Avr 5 genes and B is the average amount of L. maculans ITS amplified from the 1250 pg internal 6 control. The adjustment value was then applied to all 'unknown samples' to estimate adjusted 7 amounts of DNA (X) that could be used to determine estimated allele frequencies.
where C is the average amount of avirulent allele amplified in 'unknown samples' using 10 primers specific for Avr genes and V is the adjustment value determined from equation (1).
11
Allele frequencies were estimated by comparing differences in the amount of DNA. In 12 experiments where only avirulent alleles were amplified, the estimated percentage of at Rothamsted, Harpenden, Hertfordshire, UK, as previously described (West et al., 2002) .
24
The crop had been sown in late August and was at the seedling stage of growth when lesions the frequency of avirulent alleles ( Fig. 1a and b) . The estimated frequency of the avirulent 9 allele (based on the measured amount of the DNA) was plotted against the known frequency 10 of the avirulent allele for each sample ( Fig. 1c and d Since the mechanism of virulence in avrLm1 and avrLm6 isolates that we are detecting is 23 deletion, both the ITS region (present in all isolates) and the avirulent allele were amplified.
Amounts of DNA amplified using primers for both Avr genes and ITS region were used to AvrLm1 and AvrLm6 alleles were 9 and 66% respectively (Fig. 4) . Twenty-four single L. that determined using field samples of airborne inoculum (66%) (Fig. 4) Therefore, it is recommended that a set of virulent isolates be screened each year to determine 1 whether virulence is still associated with deletion of the Avr gene.
2
For avirulent alleles where deletion is not the major mechanism conferring virulence then 3 different molecular techniques will be required. For example, the primary mutation leading to The observation that the frequency of AvrLm1 alleles was less than 20% in all three 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 producing resistance towards triazole fungicides identified (Cools et al., 2006) . Similarly, for
13
Fusarium graminearum and F. culmorum, the proportion of spores with genes for mycotoxin 14 production can now be assessed (Stepien et al., 2008; Wang et al., 2008) . The combination of 15 spore sampling and molecular diagnostics provides new opportunities to predict severe 16 disease epidemics, which will contribute to the protection of national food security. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
